A method is described for the purification of neuraminidase from culture fluids of Vibrio cho2erae. Five steps are involved : fractionation with methanol, adsorption to and elution from human red cells, fractionation with ammonium sulphate, chromatography on columns of hydroxyl apatite, crystallization. From 35 1.
INTRODUCTION
The ability of culture fluids of Vibrio cholerae to render human red cells inagglutinable by influenza virus was first noticed by Burnet, McCrea & Stone (1946) who described the active principle as the receptor-destroying enzyme (RDE) of V. cholerae. Gottschalk & Lind (1949) At appropriate intervals (usually 10 min.), 0.1 ml. samples were pipetted into tubes containing 0.1 ml. water, 0.1 ml. of the periodate reagent (Warren, 1959) was added immediately and the amount of liberated N-ANA determined. In all experiments, the rate of release of N-ANA a t zero time was estimated by extrapolation.
Titration of proteolytic activity Casein substrate. Defatted casein (0.5 g.) was suspended in water and 0 . 1~-NaOH added cautiously until the protein just dissolved (final volume = 100 ml.). This solution was dialysed for 16 hr. a t 0' against veronal +acetate buffer.
Buffer. 25 ml. O.OP~-sodium barbiturate, 25 ml. 0.04 M-sodium acetate, adjusted to pH 6.5 with N-HCl. Volume brought to 100 ml.
Trypsin. A crystalline preparation was dissolved in buffer, dilutions made in buffer and used immediately.
Test. Enzyme solution (0.1 ml.) was added to 1 ml. samples of the substrate solution, the solutions mixed and then incubated for 1 hr. a t 37". After cooling in ice water, 0.25 ml. of 40 yo (w/v) trichloroacetic acid was added, the solutions mixed, Test. To 0.2 ml. of N-ANA solution (1.7 Yo, w/v) was added 0.3 ml. of phosphate buffer ( 0 . 0 1~; pH 6-8) or neuraminidase dissolved in 0.3 ml. buffer. One drop of toluene was added, and after removal of 0.15 ml. as the zero time sample, the tubes were stoppered and incubated a t 37" for 24 hr. The N-acetylhexosamine content of the zero time and 24 hr. samples was estimated by the method of Reissig, Strominger & Leloir (1955) , with N-acetylmannosamine as standard.
1959).
Production of neuramilzidase Organism. The properties, cultivation and storage of the 4 2 strain of Vibrio cholerae were described previously (French & Ada, 1959) . Twenty-four hr. before bulk growth of the organisms, nutrient broth (100 ml.) was inoculated from an agar slope culture and incubated (6 hr., 37"). The whole of this culture was used as inoculum for 11. peptone water which was then incubated for 16 hr. a t 37". The peptone water culture was used as inoculum for the bulk medium (see below).
Preparation of medium. Bovine colostrum (about 6 1. ; first milking after parturition) was dialysed (Visking 27/32 tubing) against 35 1. water previously saturated with chloroform. Dialysis was carried out a t 0-4' for 8-14 days in a stainless steel can with a closely fitting lid, the can being briefly shaken each day. The colostrum was then discarded, the clear diffusate warmed to about 45" and the chloroform 412 G. L. ADA, E. L. FRENCH AND P. E. LIND removed by aeration with sterile air (2-3 hr.). Glycerol was added to a final concentration of 0.75 yo (v/v) . Peptone (360 g.) was dissolved in 1 1. of water, the pH adjusted to about 7 and insoluble material removed by centrifugation. The clear supernatant liquid was added to the colostrum dialysate and adjusted to pH 7.3 with ~O M -N~O H .
The medium was filtered (0-4") through sterilizing pads into sterile containers.
Growth of organism. The medium was transferred to a sterile stainless-steel can and warmed to and maintained a t 37". The can was fitted with a transparent lid through which the shaft of a stirrer and an aeration tube passed. The latterwas placed so that sterile air emerged under the blades of the stirrer. The medium was inoculated with the peptone water culture of Vibrio cholerae (see above), the stirrer started and air passed through the medium a t about 150 l./hr. Frothing was controlled by the addition of the anti-frothing preparation. Incubation was continued for about 10 hr.
Destruction of organisms and preparation of crude extract. Dry CaC1, was added to the culture to give a final concentration of 0 . 5 % (w/v). The organisms usually aggregated during this procedure. After adjustment to pH 6.0 with ~O N -H C~, the mixture was brought to 56", maintained at this temperature for 30min. to kill the organisms, and then cooled (16 hr., 0-4"). When the clumped organisms settled out, the clear supernatant liquid was obtained by decantation (the sedimented organisms amounted to about 11. in volume). Otherwise the organisms were removed by filtration through a pad of filter-aid. For ease of handling, the cleared liquid (supernatant liquid or filtrate) was divided into two portions for the next treatment; one part was stored at 0-4" in the presence of toluene for 2-3 days and the other part processed immediately.
Puri$cation procedure Methanol fractionation of crude extract. All procedures in this step were carried out at 0-2' . The cleared liquid (above) was adjusted to pH 5.0 with 10 N-HC1. Methanol, precooled to about -30", was added during a period of about 5 hr. until the concentration reached 60 yo (v/v) . The resultant precipitate was allowed to settle during 2 days. Most of the clear supernatant liquid was decanted and discarded. The precipitate was recovered from the rest by centrifugation (2000 g; 30 min.). Cold water was added to the packed precipitate to give a slush which was then dialysed against several changes of distilled water to remove methanol (2-3 days). The suspension was centrifuged (2000 g; 30 min.) and the sediment re-extracted once with an equal volume of water. The supernatant liquids were pooled and called ' neuraminidase concentrate '.
Preparation of human red cell eluate. Human blood was collected into Rous and Turner fluid and the cells washed three times with saline. Unless cells were used on the day collected, a considerable degree of haemolysis occurred in this step and increased the difficulty of later purification. The washed red cells were distributed into two equal portions of 200 ml., each of which was distributed into centrifuge cups and held at 0-4". To the 'neuraminidase concentrate' (0-4") was added NaCl An equal volume of aqueous saturated (NH,),SO, (pH 6.5) was immediately added to the red cell eluate. After standing for 16 hr. a t 0 4 O , the fine precipitate was recovered by centrifugation (supernatant liquid discarded), resuspended in 5-10 ml. water and dialysed (48 hr., 0 -4 ' ) against 0.1 M-NaCl+ 0.001 M-phosphate buffer (pH 6.8). The dialysed fluid was centrifuged (2000 g ; 10 min. ; 0 -4 ' ) and the residue discarded.
Chromatography on hydroxyl apatite. This procedure was carried out at 0-4'. A column (10 cm. x 1.6 cm.) of hydroxyl apatite was prepared and washed well with a solution containing 0.1 M-NaCl+ 0.001 M-phosphate buffer (pH 6.8). The enzyme solution was passed through the column which was then washed with about 20 ml. of the above phosphate saline solution. The effluent was discarded and the column developed with a gradient from 0.1 M-NaCl+ 0.001 M-phosphate buffer (pH 6.8) to O*l~-Nac1+0.25~-phosphate buffer (pH 6.8). The conditions of the gradient were described previously (see Drake, 1955 , p. 18, case 4 with k = 2 and V1 = 40 ml.). Under these conditions, the neuraminidase began to elute when about 40 ml. had passed through the column. The eluate was collected in a fraction collector (1.3-2.0 ml. per tube) and the protein concentration in each tube estimated by measuring the absorption at 280 mp. When haemolysis in the preceding stage had been slight, one sharp protein peak showing biological activity was obtained. The enzyme content of samples containing protein was estimated. Those samples which showed close agreement between enzyme activity and protein content (see Fig. l a ) were pooled. When more than one protein peak was present or when the neuraminidase peak trailed very badly, the samples containing most of the enzyme were pooled and again chromatographed as above. I n either case, the appropriate tubes were pooled, dialysed against distilled water (48 hr.; 0 -4 ' ) and dried from the frozen state in vacuo.
Crystallization of neuraminidase. This procedure was carried out at 0-4". The dried material was dissolved in 1-1-5 ml. water and dilute acetic acid added to pH 5.0. If the solution became opaque, it was clarified by centrifugation. (If too much acetic acid was added, the solution was neutralized with dilute NH,OH, again dialysed and dried.) The solution was then cautiously brought to about pH 4.5 and rocked gently for 2-3 days. Crystallization was usually achieved by seeding; it was complete after 3 days. The crystals were then washed with water saturated with CO, and stored in water at 0-4'. They were dissolved by the addition of 0.01 N-NH,OH. 
RESULTS

Production of neuraminidase
Maximum production of neuraminidase in the culture medium under the conditions described usually occurred within 10 hr. In a typical experiment, the titre of enzyme (per 0.25 ml., estimated by the biological method) a t different times after the inoculation of the medium was: 6 hr., 100; 7-5 hr., 350; 8.5 hr., 1300; 9.5 hr., 2400. After heating to kill the organisms, this fluid had a titre of 2200. In this experiment, most of the sialyl lactose present in the original medium (as estimated by the direct Ehrlich reaction) had been destroyed by 10 hr. (see French & Ada, 1959) . Crude extracts from which crystalline neuraminidase has been obtained possessed titres (per 0.25 ml.) ranging from 1100 to 4000. Evaluation of purijcation procedure The detailed analysis of the purification procedure as applied to one crude filtrate of a Vibrio cholerae culture is presented in Table 1 . Measurements of the volume, enzyme activity and protein content of each fraction allowed an estimate to be made of the yield of pure enzyme and the degree of purification achieved. The major part of the overall purification achieved occurred in the first three steps (methanol fractionation, adsorption to and elution from red cells, ammonium sulphate fractionation). However, the recovery of enzyme was often poor at one or the other of these stages. In the experiment quoted, the major loss of activity occurred during the ammonium sulphate fractionation. Sometimes the greatest loss occurred at the preceding stage of adsorption to and elution from red cells. The low recovery often encountered here was not due to destruction of enzyme; the remaining portion could be accounted for in the fluid after extraction with red cells. In some experiments, a higher recovery of enzyme in the eluate was obtained by increasing greatly the number of red cells used as absorbent.
Chromatography of the ammonium sulphate precipitate on columns of hydroxyl apatite showed a single protein peak with a very steep leading edge, but the trailing edge varied in steepness from batch to batch. Puri$cation and properties of neuraminidase 415 activity and protein concentration given by the preparation quoted in Table 1 .
The close correspondence between enzymic activity (estimated by the biological method) and protein concentration seen at all stages of the peak except the tail end was fairly typical. A protein peak showing a more pronounced trailing edge and thus a greater disparity between protein concentration and enzymic activity was seen occasionally. For example, such a pattern was shown by a preparation in which substantial haemolysis had occurred during elution from red cells. In this case, the most active fractions were pooled and again chromatographed, then yielding a pattern like that shown in Fig. 1 Coloured impurities were removed from the preparation at the chromatography stage so that crystallization was effected from a colourless solution. Crystallization completed the purification procedure. In the experiment quoted, the overall result was a decrease in volume from 35 1. to 1.2 ml., a yield of 20 yo of the original activity as crystals and a 5500-fold purification. Nine batches of crystalline enzyme have been prepared. In six batches, the recovery was estimated and found to vary between 33 and 7 yo with a mean value of 21 yo.
One batch of enzyme behaved differently. The procedure applied differed in one respect from that described above in that the product of methanol fractionation was stored a t -20' for 14 days. The crude extract had a very high titre (7500), but extensive losses were sustained at each stage of the purification procedure, the 26-3 416 G. L. ADA, E. L. FRENCH AND P. E. LIND overall recovery at the ammonium sulphate stage being only 7 yo. Chromatography on hydroxyl apatite showed a very broad protein peak. No attempt was made to obtain crystals from this batch.
Properties of neuraminidase
Neuraminidase crystallizes as needles (Pl. I). Fig. 2 shows the ultraviolet absorption spectrum of the pure enzyme. E$$ mM was 8.96, measured at 0.025 yo (w/v).
Application of the method of Lowry et al. (1951) for protein estimation to a solution of the enzyme (0.0152 yo, w/v) yielded an optical density (0.5 cm. optical cell) of 0.194 at 750 mp. The pure enzyme had a biological activity of 12.6 x lo6 units/mg. dry weight.
Failure to detect proteolytic activity. Crystalline enzyme (20 pg.) failed to show any sign of proteolytic activity against casein a t pH 6-5; the test could have detected the presence of 0.02 p g . trypsin.
Failure to detect N-ANA-aldolase activity. Samples of N-acetylneuraminic acid (N-ANA; 3-4 mg.) were incubated with buffer or with buffer containing 20 pg. neuraminidase. After 24 hr., less than 15 pg. of N-acetylmannosamine was detected in either reaction mixture. This corresponds to less than 1 yo conversion of N-ANA to N-acetylmannosamine. 
0-025 yo (w/v).
Kinetic studies Experiments were first carried out to determine the pH value at which optimum enzyme activity of purified enzyme preparations was shown. The suspension of PuriJication and properties of neuraminidase 417 enzyme crystals (0.025 ml.) was dissolved in 0.225 ml. 0.01 N-NH,OH and the volume brought to 1 ml. by addition of tris+maleate buffer (pH 4.9). A further dilution into buffers of different pH values was made shortly before the start of the experiment. Under these conditions, the enzyme showed a maximum activity a t pH 4.9 (Fig. 3, lower curve) .
Irtfluelzce of cations on the activity of neuraminidase. Calcium ions were found to stimulate enzyme activity. The results of a typical experiment are shown in Fig. 4 , in which the effect of addition of different concentrations of CaC1, to the enzyme+ substrate solutions is illustrated. Maximum stimulation was found a t 0.001 M-C~C~,. Stimulation was not observed when the CaCl, concentration was 0 . 1~.
Enzyme activity was also affected by certain other cations. The chlorides of manganese, magnesium, barium, zinc or sodium were added to the medium to a final concentration of 0.001 M. The rate of release of N-ANA from sialyl lactose a t pH 4.9 (expressed as pg. N-ANA/ml./min.) was in the presence of CaCl,, 2.0; MnCl,, 1.0; ZnCl,, 0.7; MgCl,, 0.4; BaCI, and NaCI, 0.3. tris + maleate buffer, 0 . 0 6~ (pH 6.6) ; neuraminidase, 0-27 pg./ml. Ifihibition of enzyme activity by ethylmediamine tetra-acetate. In Fig. 5 are plotted the results of one of two experiments to investigate the effect of added EDTA on the activity of neuraminidase. Increasing inhibition of enzyme activity occurred as the concentration of EDTA was raised. In a separate experiment, enzyme (75 pg./ ml.) was stored in O-O~M-EDTA (pH 5.6) for 40 hr. a t 0-4". It was then diluted and tested in the presence of 0-001~-CaCl, and showed full activity.
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Efect of pH value on neuraminidase activity. In the presence of 0.001na-CaC1, neuraminidase showed maximum activity at pH 5-6. Below pH 5 and above pH 6, the activity decreased rapidly (Fig. 3, upper curve) .
Enzyme constants. Constants were determined at 37-1" in tris + maleate buffer (pH 5.6; 0 . 0 7~) containing CaC1, (0.001 M), bovine plasma albumin (0-03 yo) and sialyl lactose. A Lineweaver & Burk (1934) plot of the data yielded a value of 1.2 x 1 0 -3~ for the Michaelis constant K , (Fig. 6) . At Stability of puri'ed neuraminidase The stability of neuraminidase in solution was tested at 37" and 0-4". Some tests were also carried out on the dry enzyme.
Stability at 37". Neuraminidase lost activity when incubated at 37". This was first noticed when estimating the velocity in the chemical test for enzyme activity. For example, the decrease in velocity per min. at different pH values was as follows : pH 4.3, 0.45 yo; pH 5.0, 0.4 %; pH 6.2, 0.3 yo; pH 7.9, 0.2 %.
To find the pH value of optimum stability, some crystals were dissolved in NH,OH and brought to about pH 5.6. Samples (0.1 ml.) were added to 0.9 ml. volumes of buffer at pH 3.9, 4.6, 5.6, 6.7 and 8.5 (final enzyme concentration about 15 pg./ml.). These mixtures were then incubated at 37" for 1 hr.; some of the pH 5.6 sample was kept at 0" : Samples from each mixture were then added to a solution of sialyl lactose and CaC1, buffered a t pH 5.6 and the enzyme activities determined. The enzyme solutions, incubated at 37", had the following activities expressed as a percentage of the control solution kept a t 0": pH 3-9, 9 yo; pH 4.6, 50 yo; pH 5.6, 112 %; pH 6.7, 130 %; pH 8.5, 42 yo. In a second experiment, dissolved enzyme was stored at 0-4" (pH 5.6) for 18 hr. before incubation at 37". The results of this Purijication and properties of newaminidass 419 experiment are plotted in Fig. 7a . The enzyme was most stable in the range pH 5.6-6.7, about 24 yo of the activity being lost in 2 hr. The enzyme was particularly unstable at pH 3.9. StabiZity at 04". The experimental procedure followed here was similar to that described in the preceding paragraph except that the enzyme solutions (at pH 3.9, 4.6, 5.6, 6.7, 8.5) were held at 0-4" for several weeks. At intervals samples were removed and the enzymic activity determined a t pH 5.6. The results are plotted in Fig. 7b . The most striking feature was the rise in activity shown by enzyme stored a t the higher pH values. After this initial rise, the activity again slowly decreased.
Stability of dried enzyme. Purified enzyme to be sent to other laboratories was dried from the frozen state in glass ampoules which were then sealed under vacuum. When stored a t 0-Po, such material retained nearly full activity (as tested by the biological method) for a t least 6 months.
DISCUSSION
Purification procedure. Several factors have contributed to the successful outcome of this work. In the first place the presence in the medium of sialyl lactose, an inducer of neuraminidase (French & Ada, 1959) , ensured the production of high titres of enzymes. The crude extract thus had a high specific activity (enzyme units/ mg. protein). Secondly, the medium contained only simple ingredients which were not precipitated by 60 yo (v/v) methanol in water a t 0" and this largely accounted for the PO-fold purification achieved in the first step. In addition, the enzyme was concentrated about 40-fold in this step and thus was contained in a volume small enough to allow rapid extraction with red cells, by using ordinary laboratory facilities.
The process of specific adsorption to and elution from red cells, first introduced by Burnet & Stone (1947) , played an important part in the purification procedure.
The recovery rate of this step was about 50 yo. Attempts to increase the yield of enzyme in the eluate were unsuccessful; increasing the number of red cells used as adsorbent did not always result in improved yields. The use of ethylenediaminetetra-acetic acid at room temperature to effect rapid elution of the enzyme, instead of prolonged incubation of enzyme and red cells a t 37" (Ada & French, 1950) , decreased the contamination of the eluate with red cell breakdown products.
Precipitation of the enzyme with ammonium sulphate was a convenient way of decreasing the volume to be handled and of restoring the protein concentration to a high value which was maintained in the later stages of the process. Although not formally demonstrated, our experience was consistent with the belief that removal of most of the impurities by chromatography on hydroxyl apatite was a prerequisite for a high yield of crystalline enzyme. While the yield of crystalline enzyme was satisfactory there were two stages in the procedure where substantial losses occurred. Experiments in progress may show ways of decreasing these losses.
Properties of the enzyme. No information about the chemical properties of the enzyme is yet available. A preliminary examination of the physical properties is reported in the succeeding paper (Pye & Curtain, 1961) . The results suggested that the crystalline enzyme was homogeneous by the usual physical criteria.
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G . L. ADA, E. L. FRENCH AND P. E. LIND Sialyl lactose was used as the substrate in kinetic studies for several reasons.
It is a well characterized compound, is readily prepared in large amounts, and since it is very soluble, high substrate concentrations can be achieved. However, kinetic constants may vary with the substrate used.
The addition of Ca ( 0 . 0 0 1~) to the reaction medium stimulated neuraminidase activity (cf. Burnet & Stone, 1947) . High concentrations ( 0 . 1~) of Ca did not stimulate activity, a feature which has been noticed with other metalfenzyme systems. The addition of Ca ion to the medium changed the shape of the pHactivity curve; the value for optimum activity was displaced from pH 4.9 to pH 5-6. The mode of action of added Ca ion (whether it combined with enzyme or substrate or acted as a link beween enzyme or substrate) remains to be investigated. The activity shown by neuraminidase in the absence of added Ca ion was inhibited by ethylenediaminetetra-acetic acid which suggests that the enzyme as isolated contained a metal as an essential component.
A puzzling feature of the stability results was the initial increase in activity on storage of the enzyme, particularly at 0-4". Here the rise was observed a t all pH values except 3.9 and was greater as the pH value increased. At the higher values tested (pH 6.7, 8 . 5 ) this increase occurred over 3 weeks, reaching a value about double the original. This effect was less clear at 37". It seems likely that two opposing factors were operating: one was a change of the enzyme to a more active form (disaggregation?), a process favoured by storage of dilute solutions a t high pH values, and the other was thermal inactivation of the enzyme. This finding means that the calculated values for K , and V,,,. should be regarded as approximate rather than absolute. It should also be pointed out that, despite the variation in thermal stability shown by enzyme stored at different pH values, the curve in Fig. 3 is essentially a true indication of the activity of the enzyme a t each pH value, since velocity values were obtained by extrapolation to zero time.
Schramm & Mohr (1959) independently published a method for the purification of neuraminidase from Vibrio choEerae cultures. The properties of their preparation are different from those described here. In addition to the low molecular weight (10,000-20,000) they found their preparation was very unstable unless stored in the presence of chelating agents or cyanide. The K , value of their preparation (1-2 x lo-") is different from that found with our preparation (1.2 x 1 0 -3~) but this might be due to the smaller enzyme molecule and the different substrate used by Schramm & Mohr (sheep red cells). We cannot as yet offer any experimental evidence which would explain the many differences between the two preparations.
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